We describe an experimental setup for supersonic jet expansions of supercritical fluids. It is characterized by well-defined thermodynamic values to allow systematic investigations of pressure and temperature effects on molecular beam parameters. The design permits stagnation temperatures T 0 = 225-425 K with a thermal stability ⌬T 0 Ͻ 30 mK and stagnation pressures p 0 = 0.2-12 MPa that are measured with 0.05% precision. For optimum stability, gas reservoir, pressure transducer, and gauge amplifier are temperature-controlled, and a feedback loop permits active pressure stabilization using a pulseless syringe pump. With this approach stagnation pressures can be reproduced and kept constant to ⌬p 0 Ͻ 2.9 kPa. As a result, flow velocity and kinetic energy of molecular beams can be controlled with maximum accuracy. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2756630͔ Supersonic beams are an indispensable method in modern chemical physics [1] [2] [3] with a large variety of applications. While the adiabatic, isentropic expansion of ideal gases into vacuum may be easily explained, real gases, in particular at higher stagnation pressures, present a situation that is poorly understood. This perception seems surprising but is related to the complex and virtually unexplored physics, characterized by different flow regimes, ultrafast cooling rates, and intricate condensation processes. Hence a much more exact characterization of supersonic beams is needed. 4, 5 Our primary interest in high pressure jet expansions originates from the need for intense beams of large molecular clusters to investigate reactive surface processes.
We describe an experimental setup for supersonic jet expansions of supercritical fluids. It is characterized by well-defined thermodynamic values to allow systematic investigations of pressure and temperature effects on molecular beam parameters. The design permits stagnation temperatures T 0 = 225-425 K with a thermal stability ⌬T 0 Ͻ 30 mK and stagnation pressures p 0 = 0. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] MPa that are measured with 0.05% precision. For optimum stability, gas reservoir, pressure transducer, and gauge amplifier are temperature-controlled, and a feedback loop permits active pressure stabilization using a pulseless syringe pump. With this approach stagnation pressures can be reproduced and kept constant to ⌬p 0 Ͻ 2.9 kPa. As a result, flow velocity and kinetic energy of molecular beams can be controlled with maximum accuracy. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2756630͔ Supersonic beams are an indispensable method in modern chemical physics [1] [2] [3] with a large variety of applications. While the adiabatic, isentropic expansion of ideal gases into vacuum may be easily explained, real gases, in particular at higher stagnation pressures, present a situation that is poorly understood. This perception seems surprising but is related to the complex and virtually unexplored physics, characterized by different flow regimes, ultrafast cooling rates, and intricate condensation processes. Hence a much more exact characterization of supersonic beams is needed. 4, 5 Our primary interest in high pressure jet expansions originates from the need for intense beams of large molecular clusters to investigate reactive surface processes. 6 With increasing stagnation pressure, the density of the gaseous substance increases until -at pressures of a few megapascal -it may become supercritical. Close to the critical point, the density changes strongly with pressure, and molecules such as CO 2 and C 2 H 4 may be used as solvents in the supercritical region. This provides the unique opportunity to transport nonvolatile and thermolabile molecules of biological interest into the gas phase using pulsed supersonic beams from supercritical fluids. 7 Subsequent studies of jet expansions from the supercritical state revealed unprecedented low translational temperatures. 8 Obviously, at these stagnation conditions new, more complex phenomena must be taken into account. Accordingly, very basic questions such as the influence of thermodynamic properties on cooling and condensation in high pressure jet expansions need to be investigated.
As it turned out in our earlier investigations, 8 it is essential to systematically control the thermodynamic parameters with high precision. Due to the large density changes close to the critical point, small temperature instabilities result in appreciable pressure fluctuations. Therefore, an adequate setup is needed. Here we describe the design of a precisely temperature-and pressure-controlled stagnation reservoir for high pressure jet expansions. Figure 1 schematically depicts the recipient. It entirely consists of corrosion-resistant materials, as supercritical fluids are known for their increased reactivity. The high pressure reservoir is connected to a pulsed, supersonic jet source ͑14͒, which is based on the valve from Even et al. 9 Its short opening time of 20 s, combined with a repetition rate ഛ25 Hz, results in a negligible gas consumption, which ensures that the residence time of a gas or fluid within the valve head is sufficiently long to achieve thermal equilibrium. The stagnation temperature T 0 is measured with a NiCr/ Ni thermocouple spot-welded to the valve body. 10 It is regulated by a temperature control system ͑Julabo Presto LH85͒ using a wide band heat transfer oil ͑polydimethylsiloxane͒ circulating through the valve body. This approach permits excellent thermal stability ͑⌬T 0 Ͻ 30 mK͒ in the range T 0 = 225-425 K.
The small gas flow through the pulsed nozzle permits us to maintain a nearly constant stagnation pressure p 0 for several hours, provided that the gas temperature does not change. For liquids and supercritical fluids, however, the demand on temperature stability is much more stringent, as small variations in temperature may result in appreciable changes in vapor pressure and density, respectively. For this reason a pulseless syringe pump ͓Teledyne ISCO 500D, ͑10͔͒ with a displacement resolution ⌬V / V Ͻ 10 −7 is used to compensate small pressure changes. In addition, the large volume of the pump cylinder ͑V Ͼ 500 ml͒ is kept at a constant temperature ͑⌬T Ͻ 20 mK͒, realized by a second temperature control system using circulating water. The factoryinstalled pressure sensor ͑11͒ has been supplemented by an external high precision pressure transducer ͓Honeywell Super TJE, ͑15͔͒ with a full-scale accuracy of ±0.05%, leading to an improvement in accuracy, drift, and repeatability by more than an order of magnitude. To minimize its temperature drift, the pressure sensor is placed in a thermally isolated block of aluminum that is maintained at a constant, electronically regulated temperature. Besides the excellent precision it features a high operating frequency of 35 kHz and thus permits a fast, integrating control algorithm. The output signal ͑2 mV/V͒ of the pressure transducer is amplified with a calibrated measuring amplifier ͑Althen AD4, cut-off frequency of 20 kHz͒. Using this setup, the error in stagnation pressure is estimated as follows: The specified accuracy of the main pressure transducer ͑15͒ corresponds to ±6.9 kPa at constant temperature and includes all errors such as nonlinearity, hysteresis effects, and reproducibility. Although the latter is not specified explicitly, it is estimated to be ±2 kPa. 11 Despite the fact that the sensor is "temperature compensated" between 289 and 344 K, temperature changes still result both in a balance error of 0.37 kPa/ K and in a scale error of 0.32 kPa/ K. Thus long-term temperature drifts in the laboratory are addressed by a simple, homebuilt temperature control which maintains the temperature of the pressure transducer at 310± 1 K. The electric signal of the pressure transducer is amplified and displayed with an accuracy of ±1.6 kPa, including calibration and offset, and an extra temperature drift of ±0.21 kPa/ K. The influence of the ambient temperature on the display amplifier is minimized by a second, independent temperature control which stabilizes the temperature of the electronics to 313± 1 K. This yields a mean absolute error of 7.2 kPa, a maximum error of 9.5 − 10.3 kPa, and a reproducibility of ±2.9 kPa.
A possibility to illustrate the accuracy and temporal stability of the stagnation parameters p 0 and T 0 is to determine the mean flow velocity of a supersonic beam of rare gas atoms and compare it with model calculations. Figure 2 displays a long-run, high resolution time-of-flight measurement of neutral, metastable argon atoms. The arrival time distribution of a three-dimensional supersonic jet expansion can be expressed as
c denotes a scale factor, and t 0 and ⌬t mark the centroid and the width of the peak, respectively. Results derived from such time-of-flight spectra can then be compared with the terminal flow velocity v 0 of an adiabatic, isentropic expansion of an ideal gas, given by
k B is Boltzmann's constant, ␥ = C P / C V the ratio of the heat capacities at constant pressure C P and constant volume C V , and m the atomic mass. While ideal gases exhibit a constant heat capacity ratio ␥ =5/3, even for rare gases deviations can be observed. Hence this model has been extended using realistic, pressure-and temperature-dependent values of C P ͑p 0 , T 0 ͒ and C V ͑p 0 , T 0 ͒, see Fig. 3 . As a consequence, the flow velocity v 0 implicitly depends on the stagnation pres-
͑Color online͒ Outline of the high pressure recipient: ͑1͒ Gas cylinder, ͑2͒ inlet filter, ͑3͒ inlet pressure transducer, ͑4͒ inlet valve, ͑5͒ fore-vacuum valve, ͑6͒ diaphragm pump, ͑7͒ exhaust valve, ͑8͒ exhaust line, ͑9͒ security valve, ͑10͒ precision high pressure syringe pump, ͑11͒ internal pressure transducer, ͑12͒ outlet valve, ͑13͒ outlet filter, ͑14͒ pulsed, temperature-controlled high pressure jet source, and ͑15͒ high precision pressure transducer with strain gage amplifier. The red dashed lines indicate thermal stabilization. The feedback loop is visualized by the dashed blue arrow. During molecular beam operation, valves ͑9͒ and ͑12͒ are open, while ͑1͒, ͑4͒, ͑5͒, and ͑7͒ are closed. In order to prevent leakage at moving parts, two filters with replaceable sintered elements ͑nominal pore size of 0.5 m͒ are used to remove any particulate contaminants that might be introduced by the mechanical connection of a gas cylinder. The experimental power to accurately define the thermodynamic parameters is visualized in Fig. 4 . At low stagnation pressures argon can be treated as an almost ideal gas and Eq. ͑2͒ should apply. Its prediction is plotted for two scenarios: The dashed line marks the case of an ideal gas with the mass of argon and the adiabatic constant ␥ =5/3, while the solid line represents argon atoms with a pressure-and temperature-dependent heat capacity ratio ␥͑p 0 , T 0 ͒. Interestingly, the slight decrease of v 0 with increasing p 0 can indeed be observed experimentally. It should be added that the heat capacities C P and C V of argon obtained from Ref. 12 have an estimated uncertainty of 0.3% which is significantly larger than our combined experimental error in time, temperature, and pressure.
In conclusion, we have designed a new high pressure recipient with precisely defined stagnation conditions p 0 and T 0 . Its main feature is a temperature-stabilized high precision pressure transducer driving a pulseless syringe pump for active pressure control. The setup provides the possibility to generate extremely well characterized supersonic molecular beams even from supercritical fluids. Its unprecedented thermodynamic stability permits high-resolution time-of-flight experiments in a wide range of pressure and temperature not feasible otherwise. 
